Curcumin (diferuloylmethane) is a dietary polyphenol derived from the rhizomes of turmeric (Curcuma longa). For a long time, curcumin has been applied as an anti-inflammatory, 1) anti-oxidative, 2-4) and anti-carcinogenic 5) compound. The multiple therapeutic effects of curcumin result from its ability to modulate enzyme activities and gene expression. For example, curcumin has been shown to down-regulate the activities of several transcription factors, including NF-kappa B, AP-1, and Egr-1, as well as growth factor receptors such as EGFR and HER2. 6) Curcumin also inhibits the activities of COX2, LOX, iNOS, MMP-9, c-Jun N-terminal kinase, protein tyrosine kinases, and protein serine/threonine kinases. 6) Curcumin has been shown to repress expression of oncogenes such as c-fos, c-jun and c-myc, and suppress proliferation of tumour cells. [7] [8] [9] Finally, recent studies have demonstrated that curcumin can inhibit p300/CBP histone acetyltransferase activity both in vivo and in vitro. 10, 11) p300/CBP transfers the acetyl group from an acetyl-CoA to conserved lysine residues in the histones, consequently, leading to transcription activity.
Curcumin (diferuloylmethane) is a dietary polyphenol derived from the rhizomes of turmeric (Curcuma longa). For a long time, curcumin has been applied as an anti-inflammatory, 1) anti-oxidative, [2] [3] [4] and anti-carcinogenic 5) compound. The multiple therapeutic effects of curcumin result from its ability to modulate enzyme activities and gene expression. For example, curcumin has been shown to down-regulate the activities of several transcription factors, including NF-kappa B, AP-1, and Egr-1, as well as growth factor receptors such as EGFR and HER2. 6) Curcumin also inhibits the activities of COX2, LOX, iNOS, MMP-9, c-Jun N-terminal kinase, protein tyrosine kinases, and protein serine/threonine kinases. 6) Curcumin has been shown to repress expression of oncogenes such as c-fos, c-jun and c-myc, and suppress proliferation of tumour cells. [7] [8] [9] Finally, recent studies have demonstrated that curcumin can inhibit p300/CBP histone acetyltransferase activity both in vivo and in vitro. 10, 11) p300/CBP transfers the acetyl group from an acetyl-CoA to conserved lysine residues in the histones, consequently, leading to transcription activity. 12) Therefore, curcumin may modulate gene expression through inhibition of p300/CBP activities.
Although the effects of curcumin on enzyme activities and gene expression have been studied in detail, only a few reports described its toxicity to embryos. The studies using rats as animal models have shown that orally administered curcumin has no toxic effects on fertility or pregnancy in the fed rats, and no malformations were observed in their offspring. 13) In this report, we used zebrafish (Danio rerio) as model organisms to investigate the developmental toxicity of curcumin. Advantages of using zebrafish as model organisms include their small size (2-4 cm long), ease of breeding in the laboratory, light-induced fertilization, and sensitivity to environmental changes. Our results indicated that, unlike in rats, curcumin had embryotoxic and teratogenic effects on zebrafish embryos in a mM region.
MATERIALS AND METHODS

Collecting Fertilized Zebrafish Eggs
Adult zebrafish purchased from a local fish store were maintained in a laboratory under 28Ϯ1°C and a 14 h day/10 h night photoperiod.
Fertilized eggs were collected within 30 min after natural mating, washed with sterile water, and placed in petri dishes.
Curcumin Treatment and Embryos Observances Curcumin was purchased from Sigma Chemical (St. Louis, MO, U.S.A.), and dissolved in dimethyl sulfoxide (DMSO) to make a 25 mM stock solution. For embryo exposures, fertilized eggs were placed in 6-well petri dishes with ten embryos per well in 10 ml sterile water. Next, 30 ml of seriously diluted curcumin stock solutions was added to get final concentrations of 5, 7.5, 10, 12.5, and 15 mM. Thirty embryos were used for each of four replicates. The embryotoxic and teratogenic effects of resveratrol, quercetin, and rutin were also investigated in this study. Resveratrol, quercetin, and rutin were all purchased from Sigma Chemical (St. Louis, MO, U.S.A.), and dissolved in DMSO to make 25 mM stock solutions. The exposure conditions were the same as described above, except 100 ml of seriously diluted stock solutions per each well, and final concentrations of 1, 5, 10, 50, and 100 mM. Development and survival of embryos and larvae were recorded daily. The phenotypes of larvae were examined in a Zeiss microscope and pictured by using a Pixera CCD camera. To determine the effects of curcumin on the survival rate of larvae, 3-d-old larvae were incubated with 5, 7.5, 10, 12.5, and 15 mM curcumin, respectively. Thirty larvae were used for each of four replicates. Survival of larvae was monitored daily.
Accumulation of Curcumin in Embryos and Larvae Fertilized eggs and larvae were incubated with 0, 1, 5, and 7.5 mM curcumin for 24 h. After incubation, the survival embryos and larvae were placed on glass slides, and examined in a Zeiss microscope. Fluorescence signals were detected and pictured by using a Pixera CCD camera in light and fluorescence fields.
RESULTS AND DISCUSSION
Dosage-Dependent Toxic Effects of Curcumin Exposure
The survival and hatching rates of zebrafish embryos treated with various concentrations of curcumin (0, 5, 7.5, 10, 12.5, or 15 mM) were shown in Fig. 1 . Significantly decreasing survival and hatching rates were both observed in curcumin treatments at 7.5 mM or higher. In the presence of 15 mM cucumin, all embryos died within 2 d of incubation. No delayed hatching time was observed in any treatment.
The cytotoxicity of curcumin on larvae was investigated by treating 3-d-old larvae with various concentrations of curcumin. The LD 50 value of curcumin on larvae (after incubation for 24 h) was estimated 5 mM. All larvae died after exposure to 10 mM curcumin (Fig. 2) . However, this result did not agree with the previous result shown in Fig. 1 , in which approximately 40% of larvae were able to survive in a 10-mM curcumin solution after being hatched from curcumin-treated fertilized eggs. One possible explanation is that after incubation with fertilized eggs for 2 or 3 d, the curcumin in the water decomposed and lost its toxicological effects. Hence, larvae which had previously hatched out of the eggs could survive. Several studies have shown that curcumin is unstable in aqueous solution and could decompose under light exposure. 14, 15) Therefore, the effective doses of curcumin in water may change after a longer incubation time.
Curcumin was found to exhibit lethal effects against parasites, such as leishmania, African trypanosomes, and malaria parasite (Plasmodium berghei). [16] [17] [18] [19] [20] In this study, we report that the LD 50 values of curcumin on embryos and larvae (after incubation for 24 h) were estimated 7.5 mM and 5 mM, respectively (Figs. 1, 2) . These results indicate that curcumin is also lethal to some vertebrates, e.g. zebrafish, in a mM region.
Teratogenic Effects of Curcumin Larvae hatched from the fertilized eggs treated with 5 mM curcumin and higher, displayed several developmental defects, including bent or hook-like tails, spinal column curving, edema in pericardial sac, retarded yolk sac resorption, and shorter body length (Fig. 3) . Approximately 10% of abnormal larvae had the hooked-like tail phenotype, and 40% of abnormal larvae had the edema in pericardial sac phenotype. Larvae with both abnormal phenotypes survived for two weeks longer (data no shown). In contrast, approximately 50% of abnormal larvae with severe defects like retarded yolk sac resorption or shorter body length phenotypes did not swim, and they died within 5 d postfertilization (data no shown).
To investigate whether other polyphenolic compounds have teratogenic effects on the zebrafish embryo, fertilized eggs were incubated with various concentrations (1, 5, 10, 50, 100 mM) of resveratrol, quercetin, and rutin, respectively. Unlike curcumin, no embryotoxicity or teratogenicity to the zebrafish embryo was found treated with resveratrol, quercetin, or rutin at the concentrations we have tested (data no shown). However, it should be noticed that the synthetic resveratrol derivative, 3,5,4Ј-trimethoxystilbene, has been shown to cause morphological changes and development arrest of zebrafish embryos. 21) Together, these results indicate that polyphenolic compounds have different effects on embryonic development and survival of zebrafish. Abnormal development or death of curcumin treated zebrafish embryos may result from the deregulation of the functions of multiple genes. One of them may be the sarco/endoplasmic reticulum Ca 2ϩ ATPase (SERCA), which plays a critical role in maintaining low Ca 2ϩ concentration within cells. Study has shown that the activity of SERCA can be inhibited by curcumin with IC 50 values of between 7 and 15 mM. 22) These inhibition doses of curcumin are similar to the LD 50 values against zebrafish embryos and larvae. Moreover, knockdown SERCA2 expression by morpholino injection in zebrafish fertilized eggs results in defective cardiac development, as well as slower heartbeat and weak heart contractility. 23) In this study, the phenotype with edema in the pericardial sac was observed in surviving larvae treated with curcumin during the embryo stages. These abnormal larvae displayed slower heartbeat and less swimming ability (data no shown). Further investigations of the effects of curcumin on zebrafish cardiac development are currently underway in our laboratory.
Accumulation of Curcumin in Embryos and Larvae Taking advantage of fluorescence property of curcumin, 24) we examined the status of curcumin accumulated in fertilized eggs and larvae using fluorescence microscopy. As shown in Fig. 4 , fluorescence singles were observed in fertilized eggs and larvae treated with 5 mM curcumin or higher. The intensities of the fluorescence signal occurred in a dose-dependent manner in curcumin treated embryos and larvae (Fig. 4) . No background fluorescence signal was detected in curcumin solutions, suggesting that most curcumin had decomposed in the aqueous solution. Judging by the positions of the fluorescence signal, cucumin seemed to have accumulated in the edema sac area in embryos and larvae. Moreover, randomly distributed fluorescence spots were observed on larvae skins, suggesting that curcumin could also accumulate in specific skin cells (Figs. 4GЈ, HЈ) .
The studies of the pharmacokinetics of curcumin in rats showed that most orally administered curcumin (75%) is excreted in the feces and only a little is found in the urine and blood. [25] [26] [27] However, unlike rats, our results showed that curcumin accumulated in the edema sac and some of the skin cells of zebrafish. Currently, we do not know why zebrafish can not excrete and metabolize excess curcumin. Further investigation of the accumulation mechanism of curcumin in zebrafish will provide more information about the biological effects of curcumin.
